Background and objectives Higher body mass index (BMI) is paradoxically associated with lower mortality in persons with CKD, but whether cardiometabolic abnormalities modulate this association is unclear.
Introduction
Although obesity is associated with adverse cardiovascular and kidney disease outcomes, there is increasing evidence that the magnitude and direction of these associations depend, in part, on the clustering of metabolic and cardiovascular risk factors (1) . For example, certain individuals meet standard clinical criteria for obesity (i.e., body mass index [BMI] $30 kg/m 2 ) yet appear to have healthy metabolic profiles, characterized by normal insulin sensitivity, BP, and lipid parameters. Alternatively, there are individuals who are classified as normal weight (BMI 18.5-25 kg/m 2 ) yet manifest numerous cardiometabolic risk factors. Population-based studies suggest that "metabolically healthy" obese individuals may have similar or lower risks for cardiovascular disease and mortality as their nonobese counterparts, whereas "metabolically unhealthy" nonobese individuals may have similar cardiovascular risk as obese individuals with abnormal metabolic profiles (2) .
Consideration of metabolic profile may be of particular importance in individuals with CKD. This is because studies have shown that there is a paradoxical relationship between higher BMI and outcomes in CKD populations. Individuals with kidney disease who have a high BMI, even when in the morbid range (.40 kg/m 2 ), have better survival than their lower weight counterparts (3) (4) (5) (6) (7) (8) , although most of these data have been generated in ESRD populations. This relationship has largely been attributed to the high prevalence of protein-energy wasting and inflammation in CKD patients, factors that often result in weight loss and are strongly linked to metabolic dysfunction and increased mortality (4, 9, 10) . In addition, BMI reflects not only fat mass but also muscle mass, and higher muscle mass may mediate some of the protective effects observed with higher BMI (6) . As such, individuals with CKD who can maintain higher BMI, even at levels beyond those characterized as normal, while maintaining normal metabolic function, may have better nutritional status, and thus better long-term health outcomes. The primary goal of this study was to assess this possibility by examining the associations of metabolically healthy and unhealthy subtypes with all-cause mortality in normal weight, overweight, and obese individuals with CKD.
Materials and Methods

Study Participants
The Reasons for Geographic and Racial Differences in Stroke (REGARDS) study is a population-based investigation of stroke incidence in black and white US adults aged $45 years. Details of the study design were reviewed elsewhere (11) . Briefly, participants were recruited from the 48 contiguous US states and the District of Columbia. The study was designed to provide approximately equal representation of men and women, and an oversampling of blacks and persons living in the "stroke belt/buckle" of the United States, both groups who have excess stroke mortality. Trained interviewers conducted computer-assisted telephone interviews to obtain information including participants' sociodemographics, cardiovascular risk factors, tobacco usage, physical activity, and use of medications. After this call, an in-home study visit was conducted that included an electrocardiograph (ECG) recording, inventory of medications, and collection of blood and urine samples.
Overall, 30,239 black and white adults were enrolled between January 2003 and October 2007 (42% black, 55% women). For this study, we limited the analysis to participants with CKD (defined as an estimated GFR [eGFR] ,60 ml/min per 1.73 m 2 using the Chronic Kidney Disease Epidemiology Collaboration [CKD-EPI] equation (12) or an albumin to creatinine ratio [ACR] $30 mg/g, both obtained from blood/urine collected on a single occasion) who were not receiving renal replacement therapy at baseline (n=6009). We excluded individuals who were lost to follow-up (n=92), had a BMI ,18.5 kg/m 2 (n=132), were not fasting or were missing data on fasting status at the time of blood draw (n=1015), or were missing data on any of the metabolic parameters of interest (n=396), leaving 4374 participants in the final analytic sample. The REGARDS study protocol was approved by the institutional review boards governing research in human subjects at the participating centers and all participants provided informed consent.
Primary Exposures
The exposures of interest were categories of metabolically healthy and unhealthy subtypes by weight status (normal weight, overweight, and obese). Metabolic subtypes were defined in accordance with the harmonized criteria for metabolic syndrome (13) . Specifically, individuals who had evidence of $3 of the following criteria for the metabolic syndrome were categorized as having an unhealthy metabolic profile: elevated waist circumference (.102 cm for men; .88 cm for women), elevated fasting triglycerides ($150 mg/dl), reduced fasting HDL (,40 mg/dl in men; ,50 mg/dl in women), elevated BP (systolic $130 mmHg and/or diastolic $85 mmHg or current treatment with antihypertensive therapy), and elevated fasting glucose ($100 mg/dl) or known history of diabetes (ascertained by self-report or current therapy with diabetes medications). Waist circumference (in centimeters) was measured during the in-home visit using a tape measure positioned midway between the lowest rib and the iliac crest with the participant standing. Systolic and diastolic BPs were defined as the average of two seated measures taken after a 5-minute rest. Each participant was categorized into one of six mutually exclusive categories: (1) normal weight (BMI 18.5-24.9 kg/m 2 ) and healthy metabolic profile (,3 criteria for metabolic syndrome), (2) normal weight and unhealthy metabolic profile ($3 criteria for metabolic syndrome), (3) overweight (BMI 25-29.9 kg/m 2 ) and healthy metabolic profile, (4) overweight and unhealthy metabolic profile, (5) obese (BMI $30 kg/m 2 ) and healthy metabolic profile, and (6) obese and unhealthy metabolic profile.
Ascertainment of Outcomes
The outcome of interest was death, ascertained from contact with proxies provided by the participant upon recruitment or during follow-up and by searching the Social Security Death Index or through the National Death Index. The REGARDS study staff confirmed dates of death through the Social Security Death Index, death certificates, or the National Death Index. Follow-up time for each participant was calculated from the date of the in-home visit to the date of death or last telephone follow-up for nondeceased participants, updated through March 31, 2011.
Covariates of Interest
Age, race, sex, annual family income, educational attainment, and tobacco and alcohol use history were determined by self-report. Physical activity was assessed through a single question: "How many times per week do you engage in intense physical activity, enough to work up a sweat," with response options as follows: none, 1-3 times per week, or .4 times per week. History of coronary heart disease (CHD) was defined as having any of the following: evidence of myocardial infarction on the baseline ECG, self-report of a prior history of a cardiac procedure (coronary artery bypass surgery or percutaneous angioplasty), or self-reported history of myocardial infarction. History of stroke was ascertained by self-report.
Statistical Analyses
Standard descriptive statistics were used to examine baseline demographic, clinical, and laboratory characteristics of CKD participants according to weight and metabolic subtype categories. Next, mortality rates were calculated by each weight and metabolic subtype category. After confirming the proportionality of hazards assumption, Cox regression models were used to estimate the hazard ratio (HR) of mortality as a function of each weight and metabolic subtype category in sequential models, with metabolically healthy normal weight individuals being the referent group in all models. Model 1 was unadjusted. Model 2 was adjusted for age, sex, and geographic region of residence (stroke belt, stroke buckle, or other). Model 3 was adjusted for variables in model 2 plus lifestyle factors (self-reported physical activity, current tobacco usage), comorbidities (history of heart disease and stroke), educational achievement (, versus $high school diploma), annual family income (, versus $$20,000 per year), eGFR and natural log-transformed urinary ACR. We did not adjust for diabetes or hypertension in these models because they are used in defining the metabolically unhealthy phenotype. In prespecified analyses, we examined for effect modification by race, sex, and age by testing the statistical significance of interaction terms. We also conducted the following sensitivity analyses: (1) adding elevated high-sensitivity C-reactive protein (hsCRP) concentration ($3 mg/L) as an extra criterion for the metabolic syndrome, (2) using World Health Organization (WHO) criteria to define metabolic syndrome (13) , (3) further adjusting the models for hsCRP and LDL cholesterol concentrations (4), using the combined creatinine and cystatin C equation for estimating GFR to define CKD (14) , and (5) A two-tailed P value ,0.05 was considered statistically significant for all analyses. All analyses were conducted using SAS software version 9.2 (SAS Institute, Cary, NC).
Results
Baseline Characteristics
The mean age of the study sample was 69610 years, and 47% of participants were men and 45% were black. The mean eGFR was 68.5625.0 ml/min per 1.73 m 2 , and the median urinary ACR was 44.4 mg/g (interquartile range, 13.9-113.5 mg/g). Table 1 depicts the baseline demographic and clinical  characteristics and Table 2 depicts individual metabolic parameters of study participants according to the six categories of weight and metabolic subtype. In general, within each weight category, individuals classified as metabolically unhealthy were more likely to have lower income, were more likely to have a history of CHD and stroke, and were more likely to report lower physical activity than individuals classified as metabolically healthy. In addition, among overweight and obese individuals, participants categorized as metabolically unhealthy had lower mean eGFR and higher median urinary ACR than those categorized as metabolically healthy.
Associations of Weight and Metabolic Subtype with Mortality
A total of 683 deaths were observed over a mean followup of 4.5 years. Table 3 presents total mortality events and mortality rates per 1000 person-years of follow-up (95% confidence intervals [CIs]) according to weight and metabolic subtype categories. In general, mortality rates were higher in normal weight individuals than in overweight or obese individuals, irrespective of metabolic health. Figure 1 depicts unadjusted and multivariable-adjusted Cox proportional hazard models examining the association of weight and metabolic subtype categories with death. In the unadjusted analysis (model 1), compared with metabolically healthy normal weight individuals, the HR of mortality was significantly lower in overweight and obese individuals irrespective of metabolic subtype. After adjustment for age, race, sex, and geographic region of residence (model 2), the risk of mortality remained significantly lower among metabolically healthy overweight (HR, 0.68; 95% CI, 0.53 to 0.87) and obese individuals (HR, 0.71; 95% CI, 0.51 to 0.98) compared with metabolically healthy normal weight individuals, whereas the lower risk of mortality associated with higher weight in metabolically unhealthy individuals was attenuated and no longer statistically significant. When further adjusted for educational achievement, annual household income, physical activity, tobacco use, CHD, stroke, eGFR, and natural log-transformed urinary ACR (model 3), compared with metabolically healthy normal weight individuals, the risk of death remained significantly lower among metabolically healthy overweight individuals (HR, 0.74; 95% CI, 0.57 to 0.96) but not metabolically healthy obese individuals (HR, 0.78; 95% CI, 0.55 to 1.10).
The interaction between metabolic subtype/weight categories and race on all-cause mortality was of borderline statistical significance (P=0.08). In analyses stratified by race, the magnitude and strength of the association between higher BMI and lower mortality among metabolically healthy individuals appeared to be greater among blacks than whites-in fully adjusted models among blacks, the risk of death was significantly lower among metabolically healthy overweight (HR, 0.57; 95% CI, 0.37 to 0.88) and obese individuals (HR, 0.62; 95% CI, 0.39 to 0.99) compared with metabolically healthy normal weight individuals, whereas there were no statistically significant differences in survival in any metabolic subtype/weight categories among whites (Supplemental Table 1 ).
Sensitivity Analyses
The results were not materially changed when we used alternative criteria for defining the metabolic syndrome (i.e., adding an elevated hsCRP concentration as an extra criterion for the metabolic syndrome or using WHO criteria), after further adjusting for serum LDL cholesterol and hsCRP concentrations in multivariable models, when using the combined creatinine and cystatin C equation for estimating GFR to define CKD (14) , or when restricting the study sample to individuals with an eGFR ,60 ml/min per 1.73 m 2 (data not shown). Supplemental Table 2 depicts the results of the analyses after further subdividing the obese category into morbid and nonmorbid ranges. In the unadjusted model, there was no statistically significant association between morbid obesity and mortality. However, in the fully adjusted model, metabolically unhealthy participants who were morbidly obese had a significantly higher HR of mortality than metabolically healthy normal weight participants (HR, 1.49; 95% CI, 1.03 to 2.13). Adjustment for age was primarily responsible for the reversal of the direction of this association.
Discussion
In this population-based study of black and white adults with predialysis CKD, compared with metabolically healthy normal weight individuals, metabolically healthy overweight individuals had a significantly lower risk of allcause mortality. In contrast, no differences in survival were observed in metabolically unhealthy overweight or obese individuals compared with their metabolically healthy normal weight counterparts in fully adjusted analyses. These findings suggest that metabolic abnormalities such as insulin resistance, lipid disorders, excess visceral adiposity, and hypertension may mitigate the survival benefits associated with higher BMI in persons with CKD.
Previous studies have shown that higher BMI is associated with improved survival in both ESRD and predialysis CKD populations (3) (4) (5) (6) (7) (8) . Our results add to these prior findings by showing that these relationships appear to depend in part on the presence or absence of cardiometabolic risk factors. Indeed, the magnitude and statistical strength of the survival benefit associated with higher BMI was greater among overweight individuals with a healthy metabolic profile than among individuals with an unhealthy metabolic profile. A previous study examined the effect of metabolic parameters on the association between obesity and survival in individuals with predialysis CKD (7) . In this study involving participants of the Atherosclerosis Risk in Communities study, no association was observed between BMI and survival in a multivariable model adjusted for age, sex, race, cancer, smoking, and alcohol use. However, after further adjustment for indices of the metabolic syndrome, a statistically significant association of higher BMI with improved survival emerged in individuals with CKD, suggesting that the deleterious effects of metabolic syndrome factors may be outweighed by potential protective effects of obesity in CKD. This may partly explain why we did not observe a net increased risk of mortality in metabolically unhealthy individuals in this study. Comparable to what has been shown in other cohorts investigating all-cause mortality (1,15), we observed that the metabolically healthy phenotype comprised 22% of the obese participants and 51% of the overweight participants. The extent to which one can be "obese" yet metabolically healthy has remained controversial for over a decade (16) . Variability in the metabolic activity of different adipose storage sites may be key to understanding these relationships. Visceral adiposity is more metabolically active than other adipose tissue sites (17) and appears to contribute to many metabolic abnormalities across populations (18) (19) (20) (21) (22) (23) (24) (25) (26) . Therefore, it is plausible that excess visceral adipose tissue may partly explain the differential association of obesity with survival in metabolically healthy versus metabolically unhealthy individuals. In support of this, we previously reported that increased waist circumference was a stronger predictor of mortality risk than BMI in REGARDS participants with CKD (6). In addition, differences in survival in metabolically healthy obese individuals compared with metabolically healthy normal weight individuals was recently shown to be attributed to cardiorespiratory fitness, such that a greater risk of morbidity and mortality among the obese was attenuated when fitness indices were included in the analyses (27) . Assessing the role of fitness may be of value in future studies on this topic.
We also observed potential racial differences in the association of metabolic health/weight subtypes and death, although the interaction was of borderline statistical significance. The reason for these potential differences is unclear. A recent study utilizing data from the Southern Community Cohort Study found that adult-onset obesity among blacks was not associated with the same excess mortality risk seen among whites, suggesting the possibility of a differential effect of body composition apart from BMI, such as variation in fat distribution, differences in metabolic pathways, or a combination of both (28) . Blacks in general have less visceral fat than whites at a similar BMI, which may at least partly explain the race-specificity of the relationships identified herein (29) . Nevertheless, although our findings are intriguing, given the borderline statistical Data are presented as the frequency or mortality rate (95% confidence interval).
significance of these results, future studies with larger sample sizes will need to confirm whether associations of metabolic health and mortality are indeed modified by race. Our study had limitations. BMI as a measure of obesity cannot distinguish between fat and lean tissue, preventing a potential mechanistic explanation of race-related differences. Similarly, waist circumference may reflect varying levels of abdominal visceral fat, particularly among older populations (30, 31) . Next, whether age-, race-, or sex-specific thresholds for the individual criteria of the metabolic syndrome are more appropriate for defining the metabolic syndrome than the criteria used herein remains unclear and should be the focus of future studies. In addition, we only had a single measurement of ACR and eGFR, which may have led to exposure misclassification for some study participants. Furthermore, the proportion of participants with eGFR ,30 ml/min per 1.73 m 2 was relatively low in this cohort, making the results most applicable to individuals with mild to moderate CKD. In addition, we were missing or had incomplete data on other potentially relevant confounders such as serum albumin, serum phosphorus, dietary intake, and comorbidities such as a verified history of cancer. Finally, we had relatively few events in certain weight/metabolic subtype categories, which likely limited our ability to detect statistically significant associations with mortality for some of these categories.
In summary, the results of this study suggest that the metabolic profile of CKD patients may be critical for properly assessing the effect of weight status on health outcomes. Additional studies with specific body composition measures and/or interventional studies examining the health benefits/ risks of weight loss in CKD patients will likely add valuable insights into survival benefits by weight status, including how these relationships may differ by race.
